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Edited by Michael SussmanAbstract The very long chain fatty acids (VLCFAs) are synthe-
sized by the microsomal fatty acid elongation system in plants.
We investigated cellular function of NbECR putatively encoding
enoyl-CoA reductase that catalyzes the last step of VLCFA
elongation in Nicotiana benthamiana. Virus-induced gene silenc-
ing of NbECR produced necrotic lesions with typical cell death
symptoms in leaves. In the aﬀected tissues, ablation of the epider-
mal cell layer preceded disintegration of the whole leaf cell lay-
ers, and disorganized cellular membrane structure was evident.
The amount of VLCFAs was reduced in the NbECR VIGS lines,
suggesting NbECR function in elongation of VLCFAs. The
results demonstrate that NbECR encodes a putative enoyl-CoA
reductase and that the NbECR activity is essential for membrane
biogenesis in N. benthamiana.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The very long chain fatty acids (VLCFAs), i.e. fatty acids
with more than 18 carbon atoms, are widely distributed in
the plant kingdom and have multiple functions depending on
chain length [1]. The major site of VLCFA synthesis is the epi-
dermal cells where they are utilized for the production of
waxes. VLCFAs are also critical components of seed triacyl-
glycerol and sphingolipids in plants [2–4].
VLCFAs are formed by the microsomal fatty acid elonga-
tion (FAE) system in plants. FAE involves sequential addi-
tions of C2 moieties from malonyl coenyme A (CoA) to
preexisting C16 or C18 fatty acids derived from the de novo
FAS pathway of the plastid. Each cycle of FAE is accom-
plished by a series of four enzymatic reactions: (1) condensa-q GenBank accession number: DQ000300
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doi:10.1016/j.febslet.2005.07.013tion of malonyl-CoA with a long-chain acyl-CoA; (2)
reduction to b-hydroxyacyl-CoA; (3) dehydration to an
enoyl-CoA; and (4) reduction of the enoyl-CoA, resulting in
the elongated acyl-CoA [5]. Together, these four activities
are termed the elongase [6]. Multiple condensing enzyme genes
have been characterized so far, and the mutation of those
genes inhibited wax formation or accumulation of seed triacyl-
glycerol [7–9]. Very recently, the function of ECR encoding
enoyl-CoA reductase catalyzing the last enzymatic step of
FAE was analyzed in Arabidopsis [10]. T-DNA knockout
mutants of ECR (cer10) exhibited morphological abnormali-
ties and reduced size of aerial organs. Furthermore, the loss
of ECR activity resulted in a reduction of cuticular wax load
and aﬀected VLCFA composition of seed triacylglycerols
and sphingolipids, indicating that ECR is involved in all
VLCFA elongation reactions in Arabidopsis.
In this study, we investigated the function of NbECR
encoding a putative enoyl-CoA reductase in N. benthamiana
by using virus-induced gene silencing (VIGS). Depletion of
NbECR resulted in cell death, particularly in the epidermal
layer, and highly disorganized cellular membrane structure.
Composition of the VLCFAs was altered in the eﬀected
tissues. These results indicate that enoyl-CoA reductase in
the VLCFA elongation system is essential for cell viability
in N. benthamiana.2. Materials and methods
2.1. VIGS
The NbECR cDNA fragments were PCR-ampliﬁed and cloned using
XcmI sites into the pTV00 vector that contains a part of the TRV gen-
ome. VIGS was carried out as described [11–13].2.2. Semiquantitative reverse transcription (RT)-PCR
Semiquantitative RT-PCR was performed with 5 lg total RNA
isolated from the 4th leaf above the inﬁltrated leaf as described [13].
To detect the NbECR transcripts, the NbECR-N (5 0-CTCTTTCGTA-
GATCCC-3 0 and 5 0-GTAAGCAATGAAAGCTCC-3 0) and NbECR-
C (5 0-GGGTTAGTTTGTCAAGTTG-3 0 and 5 0-ATACAAGAGAA-
CCAAGGG-30) primers were used. Sequences of the primers for
various defense genes were previously described [14].2.3. Evans blue staining, callose staining, and ion leakage measurement
Evans blue staining, callose staining, and ion leakage measurement
were carried out as described [14].ation of European Biochemical Societies.
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The NbECR cDNA corresponding to the entire coding region
were cloned into the 326-GFP plasmid [15] using BamHI sites to
generate the NbECR:GFP fusion protein. The BiP cDNA
corresponding to the N-terminal 44 amino acids were cloned into
the 326-RFP plasmid using BamHI sites to generate the BiP:RFP
fusion protein [16]. Transformation of the two fusion constructs into
N. benthamiana protoplasts and microscopic observation of
expression of the introduced genes were carried out as described
[17].Fig. 1. Tissue-speciﬁc expression of NbECR and localization of the
NbECR protein in the endoplasmic reticulum (ER). (A) Semiquanti-
tative RT-PCR analyses were carried out to examine the NbECR
mRNA level in diﬀerent organs of N. benthamiana. (B) Subcellular2.5. Histochemical analysis
Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and light microscopy were carried out as
described [13], using the 4th leaf above the inﬁltrated leaf from
the TRV and TRV:ECR lines.localization of the NbECR-encoded protein was investigated by GFP
(green ﬂuorescent protein) fusion. N. benthamiana protoplasts were
transformed with the NbECR-GFP fusion construct as well as with the
BiP:RFP (red ﬂuorescent protein) fusion construct to mark the ER,
and the localization of the ﬂuorescent signals was examined at 24 h
after transformation under a confocal laser scanning microscope. The
false color (blue) was used for chlorophyll autoﬂuorescence to
distinguish it from the red ﬂuorescence of RFP.2.6. Lipid analysis
Lipid extraction was performed as described [18]. Following
addition of 60 lg of 17:0 free fatty acid (Sigma, St. Louis) as an
internal standard, fatty acid methyl esters were prepared by acidic
methanolysis [19]. Gas chromatography/mass spectrometry (GC–MS)
analyses were carried out as described [20].3. Results
3.1. VIGS of NbECR caused formation of necrotic lesions on
leaves
Functional genomics has been carried out in Nicotiana
benthamiana using TRV-based VIGS. Through the screening
we found that gene silencing of NbECR encoding a putative
enoyl-CoA reductase causes spontaneous formation of
necrotic lesions and abnormal leaf morphology. The full-
length NbECR cDNA encodes a polypeptide of 310 amino
acids that correspond to a molecular mass of 36272.2 Da.
Alignment of the NbECR protein sequence with the related
sequences, including Arabidopsis ECR and yeast TSC13,
indicates that this group of the proteins is evolutionarily
conserved (Supplementary Fig. 1). The high similarity in
sequence and protein structure suggests that NbECR is a
N. benthamiana orthologue of the Arabidopsis ECR and
yeast TSC13 genes.3.2. Expression of NbECR and subcellular localization of its
encoded protein
NbECR was expressed in all of the tissues tested, such as
the roots, stems, young and mature leaves, ﬂower buds, and
open ﬂowers (Fig. 1A). If NbECR is a component of ER-
localized FAE complex, NbECR is likely to be localized in
the ER. The subcellular localization of NbECR was
examined by expressing a fusion protein between NbECR
and green ﬂuorescent protein (GFP). The NbECR:GFP con-
struct under the control of the CaMV35S promoter was
transformed into protoplasts isolated from N. benthamiana
leaves (Fig. 1B). To track the ER, a DNA construct encod-
ing BiP:RFP, a fusion protein between the ER-localized BiP
(chaperonine binding protein) [16] and red ﬂuorescence
protein (RFP) was cotransformed into the protoplasts. After
24 h incubation, expression of the introduced gene was
examined under a confocal laser scanning microscope. Green
ﬂuorescent signals perfectly overlapped with red ﬂuorescent
signals, demonstrating that the NbECR protein was targeted
to the ER (Fig. 1B).3.3. Suppression of endogenous NbECR expression
To conﬁrm gene silencing of NbECR, we cloned three diﬀer-
entNbECR cDNA fragments into the TRV-based VIGS vector
pTV00 [11] and inﬁltratedN. benthamiana plants withAgrobac-
terium containing each plasmid (Fig. 2A). TRV:ECR(N) con-
tained a 0.5 kb fragment covering a part of the 5 0-UTR and
the N-terminal coding region, and TRV:ECR(C) contained a
0.33 kb fragment covering a part of the 3 0-UTR and the C-
terminal coding region. TRV:ECR(F) contained the full-length
coding region of the cDNA. VIGS with these constructs all re-
sulted in the formation of large necrotic lesions on young leaves
and abnormal leaf development (Fig. 2B). Some of the newly
emerged leaves of the ECR VIGS lines were wrinkled and irreg-
ular in shape. The brown/transparent lesions were usually
formed in the middle to lower part of the young leaves at about
14 days after inﬁltration. The cell death sometimes progressed
to complete collapse and disappearance of the leaf tissues.
Interestingly, lesions were found only in leaves. This cell death
phenotype has been observed reproducibly in all of the >300N.
benthamiana plants that have been subjected to NbECR VIGS
to date.
The eﬀect of VIGS on endogenous NbECR mRNA levels
was examined by semi-quantitative RT-PCR (Fig. 2C). RT-
PCR using the NbECR-N primer (marked in Fig. 2A) showed
signiﬁcantly reduced PCR product levels in the TRV:ECR(C)
and TRV:ECR(F) lines relative to the control TRV, indicating
that the endogenous level of the NbECR mRNA was greatly
reduced in those plants. The same primers detected high levels
of the viral genomic transcripts containing the N-terminal re-
gion of the NbECR cDNA in the TRV:ECR(N) lines. RT-
PCR with the NbECR-C primer (marked in Fig. 2A) revealed
suppression of NbECR expression in the TRV:ECR(N) and
TRV:ECR(F) plants, and detected the viral genomic tran-
scripts in the TRV:ECR(C) plants. The actin transcript levels,
which serve as a control, remained constant. These results
demonstrate that the endogenous NbECR expression was sig-
niﬁcantly reduced in the VIGS lines and the cell death pheno-
Fig. 2. VIGS phenotypes and suppression of endogenous NbECR
transcription. (A) Schematic depiction of the structure of NbECR, and
the cDNA regions used in the VIGS constructs. The box indicates the
protein-coding region of NbECR. The three VIGS constructs contain-
ing diﬀerent regions of the NbECR cDNA are marked by bars. The
positions of the NbECR-N and NbECR-C primer sets used for RT-
PCR analyses are marked by arrows. (B) VIGS phenotypes of the
leaves and the whole plants of the TRV and TRV:ECR VIGS plants.
The plants were photographed 20 days post-inoculation. The necrotic
lesions are indicated by arrows. (C) Semiquantitative RT-PCR
analyses of the endogenous NbECR mRNA levels in the leaves of
the diﬀerent TRV:ECR VIGS lines. The NbECR-N and NbECR-C
primers were used. As a control for the RNA amounts, the actin
mRNA levels were examined.
Fig. 3. Cell death phenotypes in the leaves of the TRV:ECR plants.
(A) Evans blue staining and callose staining of detached leaves from
the control TRV and TRV:ECR plants. Evans blue staining indicates
dead cells without intact cellular membranes. (B) Measurement of ion
leakage in the control TRV and TRV:ECR plants. Data points
represent means ± S.D. (standard deviation). (C) Semiquantitative
RT-PCR analysis to examine transcript levels of defense-related genes.
As a control for RNA amount, actin mRNA levels were examined.
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NbECR expression.
3.4. Characterization of the cell death phenotype
The TRV:ECR plants displayed intense Evans blue staining
around the lesions, indicating localized cell death, whereas the
control plants showed no staining (Fig. 3A). The TRV:ECR
leaves also exhibited 3.3-fold higher levels of ion leakage than
those from the TRV control (Fig. 3B), suggesting increased
cellular membrane leakage associated with cell death. We next
examined whether the necrotic lesions formed in the ECR
VIGS leaves were the products of the programmed cell death
(PCD) pathway. PCD is a genetically deﬁned process associ-
ated with distinctive morphological and biochemical character-
istics [14,21]. However, DNA fragmentation and cytochrome c
release, hallmark features of apoptotic cell death, were not
detected in the cells surrounding the lesion (data not shown).
Thus the cell death observed in the ECR VIGS lines did not
seem to take a form of PCD. Yet the leaves of the TRV:ECR
plants exhibited general defense responses, such as accumula-
tion of large amounts of callose (Fig. 3A) and expression of
diverse defense genes (Fig. 3C). The PR1a, PR1b, PR1c,
PR2, PR4, PR5, S25-PR6, HIN1, and 630 genes are all highly
induced during hypersensitive response (HR) cell death [22].The chloroplastic ClpP protease plays a role in chloroplast
development but not in senescence or HR cell death, whereas
NTCP-23 (cysteine protease) and p69d (serine protease) are
involved in pathogen-induced cell death [23]. Based on
semiquantitative RT-PCR, the TRV:ECR leaves exhibited
moderate induction of the PR1c, PR2, PR5, S25-PR6,
HIN1, NTCP-23, and p69d genes. Only ClpP was downregu-
lated. Expression of NbSKP1, a signaling gene in plant defense
[24], and the actin gene remained constant.
3.5. Abnormal structures of cellular membranes and
degeneration of epidermal cells
Transverse leaf sections were carried out with the leaf tissues
surrounding the lesions of the ECR VIGS lines (Fig. 4A, left).
The control leaves had a typical leaf structure of dicotyledon-
ous plants with distinct adaxial and abaxial epidermal layers.
In the TRV:ECR leaves, a typical dorsoventral organization
was maintained, and the size and number of the cells in each
layer were comparable to those of TRV control. However,
the leaf epidermal layer, where the VLCFA synthesis is active,
was being disintegrated (Fig. 4A, left), and following the
epidermal cell ablation, the whole cell layers became degener-
ated (data not shown). SEM revealed that the boundary of
epidermal pavement cells was unclear or missing, supporting
the ﬁnding by the tissue section (Fig. 4A, right). The plasma
membrane (Fig. 4B, left) and the whole cell (Fig. 4B, right)
of the leaf adaxial epidermis were further examined by TEM.
The plasma membrane structure of the epidermal cell in the
ECR VIGS lines was highly abnormal: uneven and excessively
folded to make loop-like structures. Based on this disorganized
structure, the plasma membrane seemed to be undergoing
Fig. 4. Histochemical analysis. The 4th leaf above the inﬁltrated leaf
of the TRV and TRV:ECR lines was used. (A) Light micrographs of
transverse leaf sections (left) and scanning electron micrographs of the
adaxial leaf epidermis (right). Degenerated epidermal cells in the
TRV:ECR leaves are marked with arrows. Scale bars = 50 lm. (B)
Transmission electron micrographs of the plasma membrane (left) and
the whole cell (right) of the adaxial leaf epidermis. The abnormal loop-
like structures of the plasma membrane are marked with arrows. Scale
bars = 1 lm (left); 5 lm (right). (C) Transmission electron micrographs
of the mesophyll chloroplast (left) and chloroplast thylakoid mem-
branes (right). s, starch; tm, thylakoid membrane. Scale bars = 1 lm.
Fig. 5. GC–MS analyses of composition of saturated fatty acids. (A)
Total lipids were extracted from the 4th leaf above the inﬁltrated leaf
of the TRV and TRV:ECR plants, and analyzed by gas chromatog-
raphy/mass spectrometry (GC–MS). Quantities were normalized to an
internal control. This histogram represents one of the three indepen-
dent experiments carried out, all of which produced the similar results.
(B) The saturated fatty acid amounts shown in (A) are presented as %
total saturated fatty acid mass (C12:0 to C24:0). Note that the
saturated fatty acid species containing more than 16 carbons are less
abundant in the TRV:ECR plants than in the TRV plants.
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cells. Disturbed plasma membrane structure was also observed
in the palisade and mesophyll cells in the TRV:ECR lines (data
not shown). We also investigated the thylakoid membrane
structure in the chloroplasts. In the TRV control leaves, the
mesophyll cell chloroplasts displayed large starch granules
and a well-developed thylakoid membrane system that was
distributed regularly throughout the stroma (Fig. 4C). In
contrast, the mesophyll chloroplasts in the TRV:ECR lines
contained few starch grains and poorly developed thylakoid
membranes (Fig. 4C). Taken together, these results suggest
that loss of NbECR function aﬀects biogenesis of cellular
membranes including the plasma membrane and the thylakoid
membrane.3.6. Reduction of very long chain fatty acid species
Because NbECR likely encodes a putative enoyl-CoA reduc-
tase as a component of FAE complex and NbECR depletion
aﬀected membrane structure, we tested whether the composi-
tion of the fatty acids was altered in the TRV:ECR lines.
Gas chromatography–mass spectrometry (GC–MS) analyses
revealed that the amount of saturated fatty acids (C12:0 to
C24:0) in the TRV:ECR leaves (1197.5 lg/g fresh weight)
was reduced to 75% levels of the control TRV plants
(1580.85 lg/g fresh weight), mainly contributed by reduction
of C16:0 and C18:0 species (Fig. 5A). Interestingly, despite
the overall reduction, the cellular amounts of C12:0 and
C14:0 increased in the TRV:ECR leaves. The proportion of
fatty acid species to the total amount of saturated fatty acids
(C12:0 to C24:0) was examined (Fig. 5B). The proportion of
C12:0, C14:0, and C16:0 fatty acids in the TRV:ECR lines
was higher than that of TRV control. On the contrary, the
proportion of C18:0, C20:0, C22:0, and C24:0 fatty acids per
total saturated fatty acids (C12:0 to C24:0) decreased
compared with control, suggesting that suppression of NbECR
activity inhibited VLCFA elongation.
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Very long chain fatty acids are critical components of several
classes of lipids including triacylglycerol, cuticular waxes and
sphingolipids [2–4]. Biosynthesis of VLCFAs in plants is cata-
lyzed by microsomal FAE system through a series of four
enzyme reactions, and it uses as substrates pre-existing C16
and C18 fatty acids derived from the plastidic fatty acid
synthase complex. In this study, we isolated the NbECR gene
encoding a putative enoyl-CoA reductase involved in the
ER-localized FAE system in N. benthamiana, and character-
ized its cellular function by using VIGS. NbECR showed high
sequence homology (81% aa sequence identity) to Arabidopsis
ECR [10]. The encoded protein of NbECR was targeted to the
ER where the synthesis of VLCFAs takes place, similar to the
ER-localization of maize GL8 and Arabidopsis CER6, both of
which are condensing enzymes involved in wax biosynthesis in
the epidermis. Interestingly, the NbECR protein as well as
GL8 and CER6 lack the consensus sequence for the ER reten-
tion signal [25; Kunst and Samuels, unpublished data, cited in
2]. Finally, disruption of the NbECR expression resulted in the
reduction of the amount of saturated fatty acids (C12:0 to
C24:0) to 75% level of the control leaves, yet increased the
proportion of fatty acids with less than 18 carbons (C12:0,
C14:0, and C16:0) and decreased the proportion of fatty acids
with more than 18 carbons (C18:0, C20:0, C22:0, and C24:0)
(Fig. 5). In the control TRV leaves, saturated fatty acids with
more than 18 carbons made up 17% of total saturated fatty
acids, but only 11% in the TRV:ECR leaves. This suggests
that elongation of VLCFAs was partially impaired in the
TRV:ECR leaves. Based on these results and the previous
report on ECR, NbECR likely encodes an ER-localized
enoyl-CoA reductase in N. benthamiana as a component of
acyl-CoA elongase for fatty acid chain elongation.
Suppression of NbECR expression induces cell death in
N. benthamiana, which was accompanied by callose accumula-
tion and defense gene expression. At the cellular level, struc-
ture of the plasma membrane and the chloroplast thylakoid
membrane was highly abnormal (Fig. 4). Numerous loops
and irregular surface of the plasma membrane indicate that
degeneration of the membrane was underway, leading to
complete disintegration of the cell. The chloroplast thylakoid
membrane structure was also rudimentary in the ECR VIGS
plants, suggesting importance of VLCFAs in the organization
of the thylakoid membrane. These results are consistent with
the previous ﬁndings in yeast and Arabidopsis. In the yeast
acc1 mutants, reduced amounts of malonyl-CoA resulted in
lower levels of C26:0 VLCFAs, and this reduction was accom-
panied by the morphological defects, such as separation of the
inner and outer envelopes of the nuclear membrane [26,27].
These results suggest that VLCFAs are required, directly or
indirectly, to stabilize highly curved membranes around the
nuclear pores. In Arabidopsis, Fatty acid elongation1
(FAE1)-overexpressing transgenic plants exhibited the curved
thylakoid stacks in the chloroplasts. This anomaly was caused
by accumulation of VLCFAs to >30% (w/w) of the total fatty
acid content in membrane glycerolipids, indicating that
VLCFA composition in membrane lipids aﬀects the curvature
of membrane bilayers [26].
Very recently, the Arabidopsis cer10 transcriptional knock-
out mutants of the ECR gene were identiﬁed [10]. Surprisingly,
the mutant phenotype of the Arabidopsis ECR gene was milderthan the phenotype we observed in N. benthamiana. The cer10
mutants exhibited abnormal morphology resulting from aber-
rant endocytic membrane traﬃcking and defective cell expan-
sion, but did not show embryo- or seedling-lethality. Since
higher plants produce many diﬀerent types of lipids containing
VLCFAs, and ECR is the single gene in Arabidopsis [10], it has
been thought that ECR is a ubiquitous component of diﬀerent
elongase complexes, and is involved in the biosynthetic process
of all VLCFAs. Based on the reasoning and the evidence that
VLCFAs are essential for normal embryo and postembryonic
development of Arabidopsis [28], it was expected that the
knockout mutations in the Arabidopsis ECR gene would be
lethal. Interestingly, cer10 mutants still accumulated substan-
tial amounts of VLCFAs [10]. The authors proposed that Ara-
bidopsis genome may have other genes encoding a protein with
enoyl-CoA reductase activity, or enzymes functionally similar
to ECR may complement the ECR deﬁciency by supporting
VLCFA synthesis. In contrast to the Arabidopsis system,
NbECR function seems to be essential for cell viability in N.
benthamiana. NbECR may provide most of the enoyl-CoA
reductase activity required for VLCFA synthesis in N. benth-
amiana so that other enzymes cannot complement its deﬁ-
ciency. Although the underlying mechanism is unclear, the
phenotype observed in this study seems to be a more severe
version of the ECR mutant phenotype in plants, caused by
reduction of enoyl-CoA reductase activity below a certain
threshold level.
VLCFAs are required for synthesis of sphingolipids in plants
[4]. Sphinolipids have a ceramide backbone, which consists of
a fatty acid attached to a long-chain amino alcohol. Sphingo-
lipids are ubiquitous membrane components in eukaryotic
cells, and play an important role in cell signaling, membrane
stability, apoptosis, and pathogenic defense [29,30]. Depletion
of ECR activity would impair biosynthesis of sphingolipids by
inhibiting elongation of VLCFAs. Indeed in cer10 mutants,
lack of ECR activity aﬀected VLCFA composition of sphingo-
lipids, and the observed developmental defects of the mutants
seemed to be caused by abnormal sphingolipid composition
[10]. Similarly, abnormal composition of VLCFAs in sphingo-
lipids may be directly linked to cell death and defects in mem-
brane structure observed in this study. Interestingly, analyses
of an Arabidopsis ceramide kinase mutant, accelerated-
cell-death 5 (acd5), revealed that the ceramides, the backbone
of sphingolipids, induces PCD in plants while its phosphory-
lated derivative partially blocks it [29,30]. Thus altered homeo-
stasis of sphingolipids may be mainly responsible for the cell
death phenotype in N. benthamiana.
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